The main goal of this study was to analyze the application possibilities of modulated temperature thermomechanical analysis (MT TMA) for the evaluation of thermomechanical interactions in substrate/PVD coating systems on the example of examination of influence of changes in thickness of a coating on internal stress evolution in these systems. As an indicator of the stress state in the coating at a given measurement temperature, the changes in a value of the equivalent thermal expansion coefficient of the system a AC , which is calculated based on registered changes in temperature and elongation of the sample, were assumed. Independently, numerical simulations of the residual thermal stresses were carried out using finite element method. The objects of research were systems composed of substrates of HS6-5-2 steel and a single layer of chromium nitride CrN with thickness 2, 4, 8 and 10 lm, deposited on the substrate by cathodic arc evaporation method. In order to determine the effect of the CrN coating thickness on evolution of thermomechanical interactions in the system, the samples were annealed according to the assumed curve comprising nine-step isothermal annealing in the range of 150-500°C. Obtained results have shown that MT TMA is useful to study the thermomechanical interactions in substrate/PVD coating systems. In particularly, obtained values of a AC , calculated on the basis of measured elongation changes for substrate/ PVD coating systems, are lower than for the substrate without coatings, and they increase with the thickness of the deposited coating. This means that there is a decrease in compressive stresses in the coatings with increasing coating thickness. It was also found that with increasing temperature there is a local maximum value of a AC , which indicates the temperature of deposition of the coating. This is a key parameter from a technological point of view of the PVD processes.
Introduction
Residual stresses in thin antiwear coatings deposited by physical vapor deposition (PVD) methods have a significant impact on the operational properties of coated components, in particular the fatigue strength [1] . That is, residual stresses play a decisive role in coating thermomechanical behavior. Thus, in order to design coatings with improved thermal fatigue resistance, it is of great interest to assess temperatureinduced changes in the residual stresses.
Residual stresses in PVD coatings come from two sources: thermal stresses and growth stresses. Thermal stresses arise from the mismatch between coating and substrate thermal expansion coefficients. Growth stresses are affected by deposition parameters, specifically by plasma-forming gas pressure, controlled by the forming gas flow rate, the substrate temperature and kinetic energy of the ions [2] [3] [4] .
In 1909, Stoney [5] developed a method for calculating the value of thermal stresses in metallic coatings based on the radius of the substrate curvature deformed by the adhesion forces of the coating. Tsui and Clyne [6] proposed an analytical model to calculate the stresses during and after the deposition process of a multilayer coating. The model is applicable to flat samples. Several formulas proposed in the literature, with which is possible to determine the biaxial stress state in the substrate/coating system at a given geometry, are transformation of equations derived from [5, 6] . In [7] and [8] , to calculate the value of thermal stresses, the following formula is used:
where E ef ¼ E f 1 À m f ð Þand E es ¼ E s 1 À m s ð Þ, in which E f , E s , v f and v s mean Young's modulus and Poisson's ratio of coating and substrate, respectively, h is a coating thickness, H is a substrate thickness, a is coefficient of thermal expansion, T d is deposition temperature and T r is a reference temperature. The formula shows that the thermal stresses in the coating exhibit a linear relationship with the substrate temperature during deposition, the thickness of the substrate and the Young's modulus of the coating. However, there is an inversely proportional relation to the coating thickness. For systems in which the coating thickness is much smaller than the thickness of the substrate, the simplified formula is used for calculations of the thermal stresses [9] :
Using the same approach as for a flat sample, Tsui and Clyne [10] presented the analytical model for calculating the stresses in the system with cylindrical shape, provided that system is able to free deformation. Present discussion shows that the value of thermal stresses component r t is dependent on the thickness of the coating. The stresses in an axial direction and hoop stresses are reduced with increasing film thickness; however, stresses in a radial direction increase its value.
Numerical model using finite element method (FEM) for calculation is one of the tools for simulation of thermal stresses r t in substrate/PVD coating systems of any structure and geometry. Nowadays, these models as well as analytical models are created in the commercial computer packages (Ansys, COMSOL Multiphysics, etc.) and are based on the classical theory of elasticity and thermoelasticity [11] . These models are modified and developed by the simulation of such phenomena such as plastic material deformation and damage to the coating in the form of cracks or delamination [12, 13] . The calculations concern the influence of particular parameters of the systems, such as substrate material, coating's structure and thickness of the layers in a multilayer coating, on the value and distribution of stress in the substrate/coating system. The results of numerical calculations and experimental tests clearly show that the ceramic PVD coatings deposited on metal substrates are characterized by high compressive stresses in the direction parallel to the surface and high tensile normal stresses [14] . Substrate/coating interface and the edges of the system are the areas of highest stress concentration, especially shear and normal to the surface, which can cause decrease in coating adhesion [12, 15, 16] . Densification of discretization mesh in these areas is a common process when creating a computer model. The maximum normal thermal stresses increase with increasing film thickness and decrease with increasing hardness of the substrate. Reducing a value of stresses, required to produce coatings of relatively large thickness, is possible by introducing soft metallic adhesive layer between a substrate and a coating or between layers in multilayer coating, which was confirmed in several studies [7, 14, 15] . A change in values and distribution of stress can be achieved also by the gradual change in values of material parameters in layer/layers of coating (functionally graded materials) [17, 18] . Additionally, an influence on state of stresses in the coating can have a thermal history of coated components. Therefore, courses of heating and cooling of the substrate/PVD coating systems, after a deposition process, are also modeled [19] . All of the above applications of FEM demonstrate the usefulness of numerical simulations carried out in cases where direct measurements of the residual stresses and strains are difficult or impossible to carry out.
The main goal of this study was to analyze the application possibilities of modulated temperature thermomechanical analysis (MT TMA) for the evaluation of thermomechanical interactions in substrate/PVD coating systems [9, [20] [21] [22] [23] [24] [25] on the example of examination of influence of changes in thickness of a coating on internal stress evolution in these systems. As an indicator of the stress state in the coating at a given measurement temperature, the changes in a value of the equivalent thermal expansion coefficient of the system a AC , which is calculated based on registered changes in temperature and elongation of the sample, were assumed.
The substrate/PVD coating system was composed of a single-layer CrN coating and substrates made of HS6-5-2 steel. Regardless of the research of influence of changes in the thickness of the coating on the development of the stress, applied method enabled the determination of coatings deposition temperature, an important technological parameter determining the properties of the coating. In parallel with the experimental assessment of the evolution of the stress in the tested systems, its simulations were carried out using FEM. The aim of the simulation was to obtain complementary knowledge about the development of thermal stresses in the studied systems and to obtain confirmation of the correct interpretation of experimental results.
Experimental Sample preparation
Substrates of the systems had the shape of cylinder with 30 mm of length and 3 mm of diameter. Before deposition of the coating, substrates of HS6-5-2 steel were polished to achieve a surface roughness of Ra = 0.05 lm and then were annealed to remove machining stresses in a temperature of 500°C. Coatings were produced by a multi-source PVD system, using cathodic arc evaporation (CAE), in a large semi-industrial vacuum chamber. Cathode was made of pure chromium. The adhesive layer of Cr having thickness of 0.2 lm was formed by evaporation of chromium source in a vacuum, directly on the surface of the substrate. Next, relatively high flow rate of nitrogen by chamber ensured the deposition of CrN layer.
The substrate temperature during deposition was approximately 400°C. Four processes were carried out with different deposition times in order to achieve different coating thicknesses, approximately 2, 4, 8 and 10 lm.
Modulated temperature thermodilatometry
The measurement by the MT TMA method consists in registration of changes in elongation of the system substrate in response to (stimulated by a heating device) changes in the sample temperature. The tests were performed using the compensation dilatometer, the construction of which is described in detail inter alia in [9] . The elongation of the substrate of the system is recorded using a linear displacement sensor type linear variable differential transformer (LVDT) with a resolution of 0.01 lm. Due to the adhesive connection of a substrate and a coating in the tested system, changes in elongation of the substrate recorded during the test depend on its thermal properties as well as the properties of the deposited coatings, the adhesion of the coating to the substrate and the state of residual stresses in the coating. The difference between the elongation of the substrate/PVD coating system and elongation of the substrate without the deposited coating at a given measurement temperature is a qualitative measure of the state of thermomechanical load of system substrate which includes the state of stress in the coating. Figure 1 shows assumed course of changes in sample temperature used during experimental tests. The program consists of eight isothermal annealings lasting 120 min at temperatures of 150, 200, 250, 300, 350, 400, 450 and 500°C. During annealings, temperature modulation with 10°C of amplitude and 6 min of period was applied. Modulation parameters have been selected in the optimization procedure that takes into account a thermal inertia of the substrate and components of measuring device [9] . Heating of samples between subsequent annealings takes place at a constant rate of 5°C min -1 . An indicator of the stress state in the coating at a given measurement temperature is a value of the equivalent thermal expansion coefficient of the system a AC , which is calculated based on registered, in sections A-H of the curve (Fig. 1) , changes in temperature and elongation of the sample by the following formula [9] :
where A L h i and A T h i are, respectively, average values of the amplitudes of the cyclic changes in the elongation and temperature of the samples at a temperature modulation and L 0 represents the initial length of the substrate. The a AC indicator includes the influence of the conditions of heat exchange between the sample and the environment during measurement on the change in elongation of system substrate.
FEM modeling
The objects of modeling were substrate/PVD coating systems corresponding to real systems subjected to the experimental tests (cylindrical steel substrates, chromium interlayers with 0.2 lm of thickness and single-layer CrN coatings). In the model, axial symmetry of a sample was used, which allowed to bring the 3D model to 2D (transformation of a cylinder to a plane which is half the axial section of the object). For the purposes of numerical simulation (to reduce calculation time), the length of the object was also reduced 120 times along the z axis. Preliminary calculations showed that the error of the calculated values of stresses caused by this approximation is negligible. Scheme of modeled system including discretization mesh is shown in Fig. 2 . The mathematical model enabling calculation of a state of thermal stresses in the system is based on the classical theory of elasticity and thermoelasticity [11] . The calculation by finite element method was performed using COMSOL Multiphysics 4.2. Computer model implemented in the program used the built-in modules (solid mechanics and thermal stresses), which are described in detail in the program documentation [26] . Nine simulation models were created, in which steel substrate with no deposited coating and substrates with coatings with a total thickness of 2.3, 3.5, 4.5, 5.5, 6.5, 7.5, 8.4 and 10 lm were objects of modeling. During model creation, the following assumptions were used:
• The substrate and coating materials are isotropic and homogeneous.
• The substrate and coating are treated as continuous media and satisfy the assumptions of elastic-plastic material with linear hardening function.
• There is an ideal adhesion between the substrate and the coating and ideal cohesion between the Cr and CrN layer.
The aim of the simulations was to determine the state of thermal stresses in considered systems in temperatures corresponding to temperatures of annealings carried out during experimental research. Therefore, in the model a linear function describing a change in temperature in the range from 21 to 500°C was introduced. Temperature of the coating deposition process was 400°C.
The material constants given in Table 1 were used for the calculations.
Results and discussion

Numerical calculations
Using the developed computer model, states of thermal stresses in considered systems were determined, at different temperatures and for different coating thicknesses (Fig. 3) . Figure 3a-f shows calculated values of stresses in the axial direction. The studies included in [9, 24] showed that a dominant influence of the change in elongation of the substrate during measurement by MT TMA method has changes in stresses in the direction corresponding to tested elongation, so the influence of the radial stresses can be omitted.
The distributions show that below the temperature of deposition process (400°C) in the coating, in an axial direction, compressive stresses occur (negative values); however, in the Cr adhesive layer and in the top layer of the substrate, there are tensile stresses (positive values). The reason is the difference in thermal expansion coefficient of the substrate and the material of layers in the coating. Above the temperature of deposition process, change in thermal stresses in the coating from compressive to tensile occurs, while in the substrate and the Cr layer stresses change from tensile to compressive.
In order to compare the influence of coating thickness on the state of thermal stresses, the highest calculated value of the stresses in the coating of each of the systems was determined (Fig. 4) . The results indicate a decrease in the thermal stresses in the axial direction with increasing coating thickness. The relation between the maximum stresses value and coating thickness is a linear function.
Developed computer model was also used to determine changes in elongation of the substrate as a result of changes in temperature of the sample. The purpose of the calculations was to examine whether the difference in elongation of the substrate due to the difference of thermal stresses in the coatings of the particular systems is a measurable value, which can be determined experimentally with the used MT TMA method and test device. It is assumed that due to the location of the tip of the pusher of linear displacement sensor during experimental investigations, the influence of recorded changes in substrate elongation has displacement of central area of the sample face in the axial direction. For this reason, the calculated value of elongation of the substrate is the average value of the displacement along the axis z of points at the upper edge of the model, at distance from the axis not greater than half the radius of the substrate base (0.75 mm).
Because of the reduction of model in the axial direction compared to the real object, the results were multiplied 120 times. Figure 5 shows the calculated values of changes in elongation of the substrate of the system due to an increase in temperature of 10°C (equivalent to amplitude of temperature modulation during experimental tests).
The results show that with the decrease in the maximum value of a thermal stress in the coating (which is due to an increase in coating thickness), an increase in elongation of the substrate due to temperature changes in the sample occurs. The difference in the elongation between the systems on the largest and smallest considered coating thickness (2.3 and 10 microns) is over 0.01 lm, which is the Analysis of the effect of antiwear CrN coating thickness on the evolution of thermomechanical… 1245
value above the resolution of linear displacement sensor used in experimental studies. This demonstrates the possibility of using the MT TMA method to study the influence of coating thickness on the state of stress in the substrate/PVD coating system. Figure 6 shows the values of a AC indicator, which are calculated on the basis of values of amplitudes of temperature A T h i and elongation A L h i of the examined system samples (HS6-5-2 substrate/CrN coating) and uncoated substrate sample, during the test according to the thermogram shown in Fig. 1 . For each of the systems, at each measuring temperature, values of a AC indicators for substrate/PVD coating systems are lower than for the substrate without the deposited coating. This indicates the occurrence of total compressive stresses in the coating in a direction parallel to the surface. With increasing film thickness, value of a AC indicator increases (decreases the difference of values for the system and substrate without coating), which shows a decrease in the total compressive stresses in the coating. Figure 7 shows the absolute values of the difference between a AC indicator for substrate/coating systems and that for the substrate without coating as a function of measurement temperature. The result allows the identification of the temperature in which the change in direction of thermal stresses in the coating from compressive to tensile occurs; this is the temperature of coating deposition process. This is an important advantage of the test method, because an accurate temperature measurement during the process is difficult to perform. Coating thickness/μm Coating thickness/μm 
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Conclusions
The qualitative comparison of the results of numerical calculations with the results of experimental studies shows that it is possible to use modulated temperature thermodilatometry for registration of changes in the conditions of thermomechanical interactions in substrate/PVD coating systems. Particularly, the analysis of values of equivalent thermal expansion coefficient of systems a AC , calculated on the basis of registered substrates elongations and their temperatures, showed that with increasing coating thickness the compressive stresses in the coating decrease, in a direction parallel to the surface at each of the measurement temperatures. This conclusion results with the fact that the values of a AC for substrate/coating system increase with increasing film thickness, which is caused by weaker thermomechanical substrate-coating interaction by decrease in stresses in the coating. Also, using the FEM model, it was demonstrated that with increasing coating thickness, stresses, in this case only thermal stresses, in the coating (parallel to the surface) decrease. It was also found that as the temperature increases there is a local maximum value of a AC which indicates temperature of deposition.
The presented results show that the modulated temperature dilatometry is a useful method in investigations of evolution of thermomechanical interactions in substrate/coatings systems and in consequence evaluation of thermal stability of these systems. It allows, among other, the determination of real temperature of the coating deposition, an important technological parameter, which is difficult to determine precisely in deposition conditions.
